###### Key questions

What is already known about this subject?
=========================================

-   Cardiac valve disease is a common cardiovascular condition that often involves valve sclerosis and calcification. A relationship to atherosclerosis has been proposed but lipid lowering does not seem to alter its course.

What does this study add?
=========================

-   This study demonstrates that lipid lowering treatment can reduce the inflammation and valve sclerosis if initiated prior to onset of the disease. However, once lipid infiltration sets in, lipid lowering seems to have an insignificant effect. Also, cholesterol crystals present in the valves trigger an inflammatory process similar to atherosclerosis.

How might this impact on clinical practice?
===========================================

-   If used early in the course, lipid lowering may help prevent development of valve sclerosis and dysfunction.

Introduction {#s1}
============

Heart valves are composed of tissue elements similar to those present in arteries.[@R1] They have cells with features related to smooth muscle cells and an organisational structure comparable to the vascular intima. Thus, considerable heart valve pathology seems to overlap with atherosclerotic vascular disease. Inflammation in cardiac valves is known to be a part of rheumatic fever with sequelae that eventually lead to commissural fusion and ultimately calcification.[@R2] In the arterial system, inflammation is recognised as integral to atherosclerosis and has been linked to the presence of oxidised cholesterol, cholesterol crystal formation within atherosclerotic plaque and eventual calcification.[@R3] In valves, the risk factors leading to valve fibrosis and calcification have been associated with older age, male gender, elevated levels of low density lipoprotein, hypertension, diabetes and genetic predisposition.[@R5] These are similar to risk factors associated with atherosclerotic arterial disease. Valve sclerosis and calcification are common causes of valve distortion with dysfunction that results in stenosis and/or regurgitation often requiring surgical intervention.[@R6] Moreover, cardiac valves have certain distinct characteristics that lead to sclerosis based on valve function.[@R8]

Although retrospective studies in humans had suggested that lipid lowering with statins could result in reduced progression of valve stenosis,[@R9] prospective trials did not confirm these initial observations.[@R10] However, in order to better define the underlying pathophysiology that leads to valve injury, we evaluated the cholesterol content, inflammation and presence of crystals in cardiac valves using a combination of simvastatin and ezetimibe in an atherosclerotic rabbit model. Also, we evaluated human cardiac valves for comparison.

Methods {#s2}
=======

*Human valves:* eleven human cardiac valves including aortic (n=3), mitral (n=4), tricuspid (n=2) and pulmonary (n=2) were obtained either at the time of valve surgery or from postmortem autopsy. These were collected as deidentified samples and taken to the laboratory for examination. Both Michigan State University and Sparrow Hospital institutional review boards approved this protocol (\# 0518-exempt).

*Valves from atherosclerotic rabbit model:* a total of 124 valves from 32 male New Zealand White rabbits (2--3 kg) were used in this study; 20 rabbits were made atherosclerotic by balloon de-endothelialisation and feeding a cholesterol enriched diet (1%) alternating with normal chow every other month for a period of 6 months.[@R13] Group I (Gp I) was atherosclerotic control (n=5); Gp II atherosclerotic rabbits (n=10) were given a combination of simvastatin (3 mg/kg/day) and ezetimibe (1 mg/kg/day) during the cholesterol feeding periods; Gp III atherosclerotic rabbits (n=4 + 1 dead) were used to simulate pre-existing atherosclerosis by starting simvastatin and ezetimibe combination 6 months following initiation of atherosclerosis; Gp IV was normal control rabbits (n=12) fed normal chow for a period of 6 months. Rabbits were anaesthetised with ketamine (50 mg/kg im) and xylazine (20 mg/kg im) during balloon de-endothelialization. Buprenorphine (0.01 mg/kg sq) was given every 12 hours for 48 hours and antibiotics (enrofloxacin, 10 mg/kg sq) was given once. After euthanasia, rabbit hearts were removed and all four cardiac valves were dissected, removed and processed for biochemical analysis and microscopy.

*Serum and valve cholesterol levels:* total serum and valve tissue cholesterol concentrations were determined using a kit according to the manufacturer's instructions (Thermo Electron Corp, Louisville, CO).

*Serum C-reactive protein (CRP):* an ELISA kit from Immunology Consultant Laboratory (Newberg, OR) was used to measure serum CRP at baseline, 6 and 12 months.

*Microscopy:* light microscopy (LM), scanning electron microscopy (SEM), confocal microscopy (CM) and Keyence 3D microscopy were performed. For LM and SEM, valve segments from all rabbits were fixed overnight in buffered 10% formalin or 4% glutaraldehyde, respectively.

*LM:* fixed tissue segments were serially dehydrated with graded ethanol, embedded in paraffin blocks, and cut in 5 µm sections using a microtome. These sections were stained with hematoxylin and eosin for examination under a light microscope (Laborlux12, Leitz, Oberkochen, Germany).

*RAM 11:* formalin fixed, paraffin embedded, rabbit valve sections were processed with RAM 11 (DAKO, Agilent, Santa Clara, CA), a monoclonal antibody that reacts with a cytoplasmic antigen in the rabbit macrophage. To quantitate macrophage positive areas, tissue sections were scanned in one batch with a slide scanner (Olympus vs 110, Tokyo, Japan) at 20× magnification. Using software (VISIOPHARM, Hoersholm, Denmark) at 10× magnification, images were converted to tagged image file format for analysis in ImageJ V.1.51 k (<http://rsb.info.nih.gov/ij/>). The region of interest tool was then used to measure areas of the valve tissue that stained brown with 3,3′-diaminobenzidine, the chromogen for RAM 11. This was then used to calculate the percent of the total valve area stained.

*Fluorescence microscopy:* tissues were processed as previously described.[@R13] Fresh segments of valve tissues were incubated for 4 hours at 37°C in Eagle minimum essential medium under O~2~ and CO~2~ atmosphere with 10 µg/mL Alexa Fluor 594 acetylated-low density lipoprotein (Molecular Probes, Eugene, OR) specific for endothelium. Following incubation, valve tissue was washed with physiological buffered saline (PBS) and fixed with 4% glutaraldehyde.[@R14] The tissue was then counterstained for cholesterol crystals using a green fluorescent dye (cholesteryl Bodipy-C12, Invitrogen, Eugene, OR) at a 1/100 dilution (75% ethanol) in a test tube for 3 min.[@R15] Samples were then transferred to a slide incubator chamber filled with PBS for microscopic examination. Unstained tissue samples were also examined for native tissue fluorescence. Fluorescent images were acquired using a Zeiss Pascal LSM microscope (Carl Zeiss, Jena, Germany).

*SEM:* tissue samples from various valves (3--5 mm long) were dehydrated for 12 hours in a vacuum chamber (Speed Vac SC110, Savant Instruments, Farmingdale, NY) evacuated by a pump (VP110, Franklin Electric, Bluffton, IN). This approach was used because standard methods using ethanol dissolve cholesterol crystals.[@R16] These tissue segments were then mounted on stubs and gold coated in a sputter coater (EMSCOPE SC500; Emscope, Ashford, UK). The valve surfaces were then examined using a Jeol SEM (model JSM-6300F, Jeol Ltd, Tokyo, Japan).

*Transmission electron microscopy (TEM):* in order to perform TEM on tissues while avoiding solvent agents (ie, uranyl acetate) for cholesterol crystals, we used a fresh frozen approach. Although this reduces the surrounding tissue resolution, it preserves intact cholesterol crystals. Tissues were immersed in a saturated sucrose solution overnight and then underwent cryosectioning.[@R17] These were stained with osmium tetroxide. Ultrathin sections were then examined using a Jeol 100 CX electron microscope.

*Keyence 3D microscopy:* fresh tissue samples were placed under a 3D Keyence VHX-6000 digital microscope (Keyence Corp., Osaka, Japan) and images of crystals obtained using a VH-Z500T high-resolution zoom lens.

Patient and public involvement {#s2-1}
------------------------------

Patients and the public were not involved in this research.

Statistical analysis {#s2-2}
--------------------

Data are reported as mean±SD. Valve cholesterol content, serum cholesterol and serum CRP were analysed by analysis of variance. Percent area of RAM 11 stained macrophages in atherosclerotic rabbit valves, rabbits on high cholesterol diet with simvastatin and ezetimibe and normal controls were compared using Kruskal-Wallis non-parametric test at 0.05 significance level.

Results {#s3}
=======

*Gross examination:* evaluation of cardiac valves by gross examination revealed that rabbits fed a high cholesterol diet had yellow-tinged discoloration and appeared thickened compared with valves from normal control rabbits ([figure 1](#F1){ref-type="fig"}). Human aortic and mitral valves appeared distorted with roughened surfaces.

![(Left) Gross valve images, scanning electron micrographs and fluorescence microscopy of atherosclerotic rabbit mitral valve demonstrating discoloured and thickened mitral valve with cholesterol crystals perforating the valve surfaces. (Right) Gross valve images, scanning electron micrographs and fluorescence microscopy of normal valve from non-atherosclerotic rabbit without evidence of cholesterol crystals.](openhrt-2020-001274f01){#F1}

*Serum cholesterol levels:* serum cholesterol in the four groups is presented in [figure 2](#F2){ref-type="fig"}. After 2 weeks of cholesterol feeding, serum cholesterol levels increased significantly in Gps I and III but not in Gp II (p\<0.001). This pattern was sustained throughout the first 9 months of the study. However, by month 12, serum cholesterol in Gp III rabbits had also decreased significantly and was similar to Gp II.

![Cholesterol levels in rabbit serum. Chol, cholesterol diet only (Gp I); Simva+Ezet, treatment with simvastatin and ezetimibe started concurrently with cholesterol diet. (Gp II); Chol-Simva+Ezet, treatment with simvastatin and ezetimibe initiated 6 months after starting the cholesterol diet (Gp III). \*\*p\<0.001; \*p\<0.05.](openhrt-2020-001274f02){#F2}

*Valve cholesterol content:* cholesterol tissue content was significantly lower with the simvastatin and ezetimibe combination initiated with cholesterol diet (Gp II) compared with Gps I and III ([figure 3](#F3){ref-type="fig"}). When simvastatin and ezetimibe were initiated 6 months after feeding with high cholesterol diet (Gp III), cholesterol levels in the aortic, mitral and pulmonary valves were not significantly different from the untreated atherosclerotic group (Gp I). Within the untreated atherosclerotic rabbits (Gp I), cholesterol content was significantly higher for the aortic valve compared with all other cardiac valves (p\<0.001) ([figure 4](#F4){ref-type="fig"}).

![Cholesterol content of rabbit aortic, mitral, tricuspid and pulmonary valves. High cholesterol diet only (Gp I); simvastatin and ezetemide (Simva+Ezet), treatment with Simva+Ezet started concurrently with cholesterol diet (GP II); (Cholesterol-Simva+Ezet)--Chol+Simva+Ezet, treatment with Simva+Ezet initiated 6 months after the initiation of the cholesterol diet (Gp III), and normal control (Gp IV). \*\*\*p\<0.001;\*\*p\<0.01; \*p\<0.05.](openhrt-2020-001274f03){#F3}

![Valve cholesterol content in high cholesterol-fed atherosclerotic rabbits without simvastatin and ezetemide treatment (Gp I) demonstrates aortic valve to have the highest cholesterol content. \*\*\*p\<0.001.](openhrt-2020-001274f04){#F4}

*Serum inflammation:* CRP levels were similar in Gps I, II and III at baseline prior to initiation of cholesterol diet. At 6 months, CRP levels in Gp II were significantly lower than Gp I (2720±2193 ng/mL vs 10 519±10 947 ng/mL, p=0.03). At 12 months, both simvastatin plus ezetimibe groups (Gps II and III) were significantly lower than Gp I (1256±650 ng/mL and 1089±263 ng/mL vs 40 910±39 585 ng/mL p=0.0001).

*Cardiac valve inflammation (*[table 1](#T1){ref-type="table"}): for all valves, inflammation as indicated by RAM 11 staining was significantly reduced by simvastatin and ezetimibe treatment and was similar to normal control.

###### 

Cardiac valve inflammation by percent RAM 11 area staining of macrophage content

  --------------------------------------------------------------------------------------
  Treatment group                        Aortic\    Mitral\    Pulmonary\   Tricuspid\
                                         (% area)   (% area)   (% area)     (% area)
  -------------------------------------- ---------- ---------- ------------ ------------
  Gp I: Atherosclerotic (n=5)            29.0       35.8       28.1         7.3

  Gp II: Simvastatin+Ezetimibe (n=8\*)   0.1        0.0        0.0          0.0

  Gp IV: Normal Control (n=12)           0.1        0.0        0.0          0.0

  P value                                0.002      0.02       0.002        0.002
  --------------------------------------------------------------------------------------

\*In Gp II, not all valves were available for RAM11, two were used to measure cholesterol content.

Microscopy {#s3-1}
----------

RAM 11 staining revealed a significantly greater amount of macrophages in the valve matrix of Gp I atherosclerotic rabbits compared with normal controls (Gp IV) ([figure 5](#F5){ref-type="fig"}).

![(Left panel) RAM 11 stained aortic (top 200×) and mitral (bottom 200×) valves demonstrating heavy brown staining consistent with macrophage uptake (Gp I) compared with the normal control (right panel) aortic (top 400×) and mitral (bottom 200×) valves (Gp IV) (right panel).](openhrt-2020-001274f05){#F5}

Dual fluorescent imaging by CM demonstrated extensive cholesterol crystals present over the intimal surface of the human valves similar to rabbit valves ([figures 1 and 6](#F1 F6){ref-type="fig"}).

![(Top panel) Scanning electron micrographs of human aortic (left) and mitral (right) valves with cholesterol crystals that appear to be emerging from the surface of the valves. Fluorescence microscopy demonstrates cholesterol crystals at the valve surface in fresh unprocessed tissue (bodipy staining cholesterol crystals green and Ac-LDL counter stained endothelium red). (Bottom) Crystallography demonstrates the presence of three calcium peaks on the aortic valve.](openhrt-2020-001274f06){#F6}

SEM, TEM and 3D Keyence of the valves demonstrated extensive cholesterol crystals protruding from the valve surfaces of both human and rabbit valves ([figures 6 and 7](#F6 F7){ref-type="fig"}). Some cholesterol crystals were found buried in the valve tissues of normal controls while cholesterol crystals in the atherosclerotic-treated rabbits had more complex formations that protruded through the intimal surface. Atherosclerotic rabbits that were on simvastatin and ezetimibe (Gps II and III) had evidence of dissolving crystals exhibited by loss of sharp edges and erosion of their central matrix ([figure 7](#F7){ref-type="fig"}). However, not enough specimens were available to detect significant crystal density differences between the groups.

![(Top two panels) Scanning electron micrographs of cholesterol crystals emerging from the surface of valves in atherosclerotic rabbit (Gp I). Middle panel demonstrates a dissolving cholesterol crystal with moth eaten appearance from Gp II on simvastatin and ezetimibe. Macrophage is noted on valve next to a cholesterol crystal (arrow). Bottom panel demonstrates cholesterol crystals emerging to the surface by transmission electron and 3D Keyence microscopy, respectively.](openhrt-2020-001274f07){#F7}

Discussion {#s4}
==========

Our study demonstrated that high cholesterol diet results in uptake of cholesterol into cardiac valves and triggers inflammation as evidenced by extensive macrophage infiltration into the valve matrix with an associated elevation in serum CRP levels. Moreover, the presence of cholesterol crystals in the atherosclerotic arteries is a known cause of inflammation.[@R13] Although occasional presence of cholesterol crystals in cardiac valves had been previously reported in the valve matrix using LM,[@R19] the extensiveness of cholesterol crystals lining the valve surfaces was not previously appreciated because tissue processed using ethanol dehydration dissolves cholesterol crystals. Our data also demonstrated presence of cholesterol crystals on diseased human valves as we have seen for rabbit valves on high cholesterol diet. By utilising SEM, TEM and Keyence microscopy without tissue ethanol dehydration, we were able to detect the extent of cholesterol crystals on valve surfaces and their intimal damage.[@R16] These findings help elucidate the underlying mechanism of inflammation leading to valve injury.[@R20]

Although cholesterol deposits and cholesterol crystals are a hallmark of atherosclerosis, we have now demonstrated that in the presence of hypercholesterolemia, these are also very common features in valve tissue. In atherosclerosis, cholesterol crystals have been found to trigger an inflammatory response in the plaque as well as systemically.[@R13] In our study, we find a similar effect as was evidenced by dense macrophage infiltration demonstrated by RAM 11 staining as well as serum CRP elevation. In the atherosclerotic rabbit model, we had previously demonstrated a strong association between elevated serum inflammatory biomarkers and RAM 11 with cholesterol crystal density in arterial tissues during atherogenesis.[@R13] In the current study, we describe a similar finding with RAM 11 in valve tissue. The atherosclerotic rabbit model has been well established and validated as an effective model to study the effects of hyperlipidemia.[@R21] Thus, the evaluation of the cardiac valves in this atherosclerotic model was helpful to examine the effect of lipid lowering with simvastatin and ezetimibe.

Another important observation from our study is that once the valves have been infiltrated by cholesterol and especially when cholesterol crystallises, it becomes very difficult to reverse this process. Specifically, the crystalline state is relatively inert and not easily degradable except by high-density lipoprotein cholesterol (HDLc) which endogenously is the only known biological molecule to solubilise cholesterol crystals.[@R3] Especially, when cholesterol crystals are buried deep in the tissue matrix, as has been demonstrated by optical coherence tomography, it is difficult for the HDLc to reach and mobilise the crystals.[@R24] In our study, the use of simvastatin and ezetimibe was not effective in lowering the amount of cholesterol in the valve once cholesterol had crystallised. This is consistent with the findings from the Simvastatin and Ezetimibe in Aortic Stenosis trial where the use of simvastatin and ezetimibe in patients with aortic stenosis was not found to be effective in either preventing progression or reversing aortic stenosis.[@R10]

A noteworthy finding in our study was the presence of significantly higher cholesterol content of the aortic valve compared with other valves. Specifically, in elderly patients, the aortic valve is usually the most frequently affected by calcification and stenosis.[@R25] It has been demonstrated that high cholesterol saturation has been found to trigger cholesterol crystal formation.[@R26] Moreover, studies have implicated cholesterol crystals in the initiation of calcification by serving as a nidus for calcium deposition.[@R27] This has been demonstrated in both bench top studies as well as ex vivo models.[@R28] Also, studies have demonstrated that cholesterol crystal formation contributes to both mechanical injury as well as inflammation in atherosclerotic plaque.[@R13] Since the aortic valve accumulates the greatest amount of cholesterol, this suggests that this could be a cause of its frequent calcification. The exposure of the aortic valve to high pressure gradients compared with other valves may be the reason for the greater amount of cholesterol deposition and inflammation.[@R25] In contradistinction, the right heart valves, tricuspid and pulmonary, that are exposed to low pressures had the least amount of cholesterol accumulation and these valves have the least amount of calcification in humans as well.

Another implication of our findings relates to the risk for development of bacterial endocarditis. It has been previously demonstrated that various bacteria selectively attach to cholesterol crystals. Also, in the presence of human carotid arterial plaques with cholesterol crystals, there was enhanced bacterial growth (*Staphylococcus aureus*) when compared with normal carotid arteries.[@R32] The bacteria in that study were found to be degrading the cholesterol crystals, possibly using them as an energy source. Such a mechanism has been demonstrated with *Mycobacterium tuberculosis.*[@R33]

In summary, the presence of cholesterol and cholesterol crystal deposits in valve tissue can trigger inflammation which in turn can lead to valve calcification. Although cholesterol lowering treatment with simvastatin and ezetimibe significantly lowered valve cholesterol content when initiated as a preventive treatment, it was not effective when treatment was initiated after cholesterol deposition in the valve had occurred. This validates the observation made during clinical trials using this combination of lipid lowering that failed to prevent continued progression of aortic valve stenosis. These observations may be related to the difficulty for the human body to mobilise cholesterol crystals deposited deeply within the valve matrix. However, our study suggests that early treatment with lipid lowering may be considered for patients who are at high risk for cholesterol tissue deposition (ie, familial hypercholesterolemia). Further clinical studies are needed to investigate approaches to prevent cholesterol infiltration into cardiac valves.

Limitations {#s4-1}
-----------

Number of valves were small in both the human and the rabbit groups because it was not feasible to obtain sufficient valve tissue for both cholesterol content measurements and histologic analysis with SEM. Also, some of the fluctuation in serum cholesterol levels at 3 and 6 months in [figure 2](#F2){ref-type="fig"} may be related to the cycling of the cholesterol enriched diet and normal chow but that did not influence the overall trends.

The authors thank Ruiping Huang, PhD Department of Medicine/Cardiology Research Laboratory for conducted biochemical assays; Amy Porter, HT, QIHC, Investigative Histopathology Laboratory for tissue histology and immunohistochemistry; Abby Vanderberg, BSc and Melinda Frame, PhD Center for Advanced Microscopy for SEM and confocal microscopy, Michigan State University, East Lansing, Michigan.

**Contributors:** LAE-K contributed to writing the manuscript and data analysis. HD-R collected data and processed tissue for SEM. AJ conducted data analysis and helped in writing the manuscript. LF and MK reviewed the manuscript and provided critique. GA wrote the manuscript and provided data interpretation.

**Funding:** Department of Medicine and College of Human Medicine, Michigan State University, East Lansing, Michigan, Merck-Schering/Plough, Kenilworth, NJ. and Edward Sparrow Hospital, Lansing, MI.

**Competing interests:** GA is a speaker for Amgen and Kowa Pharmaceutical. He is a former recipient of grant from Merck.

**Patient consent for publication:** Not required.

**Ethics approval:** This protocol was approved by Michigan State University's Animal Care and Use Committee following National Institute of Health guidelines (Institutional Animal Care and Use Committee \# 03/18-034-01).

**Provenance and peer review:** Not commissioned; externally peer reviewed.

**Data availability statement:** All data relevant to the study are included in the article or uploaded as supplementary information. All data is presented and anlaysed in the manuscript.
